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INTRODUCTION AFlD BA(XGROURD 

During the  decade following the  Arab oil embargo, there  has  been an increase  
i n  both the  v a r i e t y  and v a r i a b i l i t y  of petroleum feeds tocks  f o r  t he  production of 
middle d i s t i l l a t e  f u e l s .  As a r e s u l t ,  t h e  v a r i a b i l i t y  and t h e  chemical cons t i tu -  
t i on  of the  c u r r e n t l y  used middle d i s t i l l a t e  fue l s  a r e  d i f f e r e n t  from those used 
before  1970. Problems have a r i s e n  in t h e  use  of spec i f i ca t ions  developed empiri- 
ca l ly  from experience wi th  f u e l s  of the o lde r  composition. There have even been 
a few ins tances  in which a f u e l  which m e t  s p e c i f i c a t i o n  on de l ive ry  quickly 
became so uns tab le  i n  s t o r a g e  a s  t o  become unusable. Therefore,  new f u e l  spec i f i -  
ca t ions  based more d i r e c t l y  upon the  chemical cons t i t u t ion  of t he  f u e l  a r e  
needed. 
ana lys i s  capable of provid ing  rap id  and de ta i l ed  information on t h e  chemical com- 
pos i t ion  of the  d i s t i l l a t e  fue ls .  

This w i l l  r e q u i r e  t h e  development of new methods f o r  d i s t i l l a t e  f u e l  

A number of methods f o r  the  ana lys i s  of f o s s i l  f u e l s  by mass spectrometry 
have been reported.  Many of them, including the  ASTM s tandard ,  D2425-67 (197R), 
use electron-impact (EI )  ion iza t ion .  This mode of i on iza t ion  causes ex tens ive  
fragmentation and prec ludes  obta in ing  any information on the molecular-weight 
d i s t r i b u t i o n  of t h e  sample. To circumvent t h i s  problem, many inves t iga to r s  have 
used low-energy electron-impact i on iza t ion ,  and o the r  s o f t e r  modes of i on iza t ion ,  
such as f i e l d  i o n i z a t i o n  (1,Z) and f i e l d  desorption (3).  Both f i e l d  desorption, 
and low-energy E 1  d i s p l a y  a wide range ot response f a c t o r s  f o r  d i f f e r e n t  c l a s ses  
of  compounds and f i e l d  ion iza t ion  appears t o  be a method of choice ,  a t  l e a s t  f o r  
d i s t i l l a t e  f u e l s  (4). 

For t h e  pas t  s e v e r a l  years ,  S R I   international.'^ unique F ie ld  Ion iza t ion  Mass 
Spectrometer (FIMS) has  provided d e t a i l e d  q u a n t i t a t i v e  information on t he  compo- 
s i t i o n  of d i e s e l  and je t  f u e l s  derived from o i l - sha le ,  coa l ,  and petroleum. Cow 
p le t e  and q u a n t i t a t i v e  molecular-weight d i s t r i b u t i o n s  on a l l  of t he  types of 
hydrocarbon compounds p resen t  i n  these  f u e l s  previously requi red  a time-consuming 
chromatographic sepa ra t ion  of the  f u e l  i n t o  seve ra l  f r a c t i o n s  followed by FIMS 
ana lys i s  of each of t h e s e  f r a c t i o n s .  
O f  a h igh- reso lu t ion  FIMS f a c i l i t y  capable of providing a rapid and complete 
quan t i t a t ive  a n a l y s i s  of  d i s t i l l a t e  f u e l s  without t he  need f o r  a chromatographic 
separa t ion  step.  

In t h i s  paper we descr ibe  the  development 

R Y  using high r e s o l u t i o n ,  i t  w i l l  be poss ib l e  t o  d i s t i n g u i s h  between molecu- 
lar ions belonging t o  d i f f e r e n t  hydrocarbon c l a s s e s  t h a t  share  the  same nominal 
mass. 
nonane and naphthalene,  a reso lv ing  power of 3,200 i s  s u f f i c i e n t  f o r  a l l  molec- 
u l e s  of molecular weight 300 a m  O K  l e s s .  

To reso lve  p a i r s  of hydrocarbons diFFerlng hy a C-HI2 douhle t ,  e.g., 
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DBSCRIPTION OF KQUIPMENT AND SOFTWARE 

Fie ld  Ionizat ion Mass Spectrometer 

A vintage MS-9 mass spectrometer  ( A E I ,  Ltd.) was completely disassembled, 
c leaned,  and reworked t o  b r ing  i t  i n t o  good operat ing condi t ion.  In t h e  E 1  ion- 
i z a t i o n  mode using t h e  o r i g i n a l  ion source,  a mass r e so lu t ion  of 30,000 was even- 
t u a l l y  obtained. The spectrometer has  been in t e r f aced  wi th  a Kratos DS-55C d a t a  
system. 

In order  t o  i n s t a l l  an S R I  vo lcanc r s ty l e  f i e l d  i o n i z a t i o n  (FI) source on t he  
MS-9, t he  o r i g i n a l  source and mounting f l ange  were removed along with t h e  or igin-  
a l  s o l i d  s a m p l e  probe and r e e n t r a n t  connection f o r  t h e  batch i n l e t  system. 
make room f o r  t he  f i e l d  i o n i z a t i o n  source and some new ion lenses ,  an extension 
o f  t h e  o r i g i n a l  source housing was designed and b u i l t  (5) .  Figure 1 shows a 
s c a l e  drawing of  a cross-sect ion through t h e  modified MS-9 source housing. 

To 

The volcancrstyle  F I  source used in t h i s  work was designed a t  SRI by Aberth 
and Spindt ( 6 ) .  Ions produced by t h e  f i e l d  ion iza t ion  of f u e l  molecules a r e  ac- 
ce l e ra t ed  t o  6 kV and focused i n t o  a small  diameter,  round beam. The ions then 
pass  through a dual  e l e c t r o s t a t i c  quadrupole lens assembly t h a t  provides:  
(1) focusing of t he  ion beam on t o  t h e  entrance s l i t  of t h e  MS-9 mass spectro- 
meter ,  and ( 2 )  a means of transforming t h e  round ion beam i n t o  a more n e a r l y  
ribbon-shaped beam t h a t  b e t t e r  matches the  shape of t h e  entrance s l i t  t o  t h e  mass 
spectrometer.  

The resolut ion of t he  MS-9 equipped with the  FI-source w a s  t e s t e d  wtth a 
mixture of hydrocarbons con ta in ing  both s a t u r a t e s  and naphthalenes in t h e  molecu- 
l a r  weight range 128 t o  156. The instrument  could e a s i l y  resolve t h e  molecular 
ions of these two c l a s s e s  o f  compounds ind ica t ing  a r e so lu t ion  of g r e a t e r  than 
1600. Furthermore, with a mixture  of benzene and pyridine,  it was p o s s i b l e  t o  
resolve besides the  molecular ions of pyridine and benzene containing a s i n g l e  
carbon-13 atom t h e  doublet  due t o  t h e  la t ter  ion and t h e  1% of protonated benzene 
t h a t  is present  i n  t h i s  system. The sepa ra t ion  of t h i s  minor ion from the  molec- 
u l a r  ion of  benzene wi th  one carbon-13 r equ i r e s  a r e so lv ing  power of 18,800; as 
shown i n  t h e  i n s e t  of Figure 1, t h i s  power has  been s l i g h t l y  exceeded. 

Software for Generating z-Tables 

D i s t i l l a t e  f u e l s  a r e  l i k e l y  t o  con ta in  anywhere between 50 and 150 const i tu-  
en t s .  
present  t h e  information on t he  composition of t hese  f u e l s .  
representat ion would be a ma t r ix  in which homologous s e r i e s  oE d i fEe ren t  compound 
c l a s s e s  were so r t ed  i n t o  d i f f e r e n t  columns. Since most of t h e  f u e l  components 
are hydrocarbons, t h e  obvious choice of compound c l a s s i f i c a t i o n  is t h a t  according 
t o  t h e  z-number, where z is defined by expressing t h e  molecular formula of t h e  
hydrocarbon a s  C,,H2n+z- 

d i f f e r e n t  compound c l a s s e s ,  s i n c e  in t h s  s c a l e  the  mass de fec t  of any given 
c l a s s  w i l l  be the  same throughout t h e  mass range (7).  Rather  than w r i t i n g  a new 
computer code t o  generate  a z-table from t h e  raw d a t a ,  an e x i s t i n g  DS-55C program 
was modified. The o r i g i n a l  program w a s  designed t o  c a l c u l a t e  t h e  elemental  c o r  
pos i t i on  corresponding t o  each peak in t he  spectrum. An added advantage of t h i s  
approach is t h a t  t h e  i n t e n s i t i e s  of  1 3 C  s a t e l i t e  peaks can a l s o  be e a s i l y  added 
t o  the  in t ens i ty  of t h e  parent  peak. 

A l i s t  of masses and t h e i r  i n t e n s i t i t e s  would be a very cumbersome way t o  
A more manageable 

A mass sca le  which de f ines  t h e  CH unit as 14.0003 can be used t o  s o r t  t he  
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Once a l l  of  t h e  e n t r i e s  in t h e  t a b l e  have been computed, t h e i r  i n t e n s i t i e s  
The r e su l t i ng  t ab le  a r e  summed, and renormalized t o  a t o t a l  i n t e n s i t y  of 100.0. 

of percentages can  then  be p r tn t ed ,  p lo t t ed  or s t o r e d  f o r  f u t u r e  re ference .  
In add i t ion ,  a second program has  been wr i t t en  t h a t  could r e t r i e v e  the  s to red  
z-tables from d i f f e r e n t  runs, and compute the  average and s tandard  devia t ion  f o r  
each en t ry .  This procedure is use fu l  in evalua t ing  t h e  r ep roduc ib i l i t y  of t he  
ana lys i s  method, and any f u e l  composition-property co r re l a t ions .  

ANALYTICAL PROCEmLmE 

Sample In t roduct ion  

Approximately 1-2 PL of l i qu id  f u e l  toge ther  wi th  0.5-1 PL of a mixture of 
benzene, toluene, and i sooc tane ,  which serve  a s  mass markers, a r e  introduced i n t o  
a high temperature,  g l a s s  ba tch- in le t  system a t tached  t o  the  h igh  reso lu t ion  FTMS 
instrument. To minimize loss of v o l a t i l e  components during sample in t roduct ion ,  
t he  f u e l  and the  s t anda rd  mass-marker mixtures a r e  taken in micro-pipettes 
(Microcaps, Drummond S c i e n t i f i c  Company, Rroomall, PA) and placed i n s i d e  the  s a w  
p le  holder.  I n s i d e  t h e  evacuated g l a s s  ba tch- in le t  system, t h e  f u e l  sample 
vaporizes completely. A por t ion  of t h e  f u e l  sample vapor flows i n t o  t h e  ion 
source of t h e  mass spectrometer.  Because a l l  of t he  f u e l  sample i s  vaporized a t  
the  same time, t he  number of molecules of a s p e c i f i c  type flowing i n t o  t h e  ion 
source i s  d i r e c t l y  p ropor t iona l  t o  the  number of molecules of  t h a t  type  present 
I n  t he  o r i g i n a l  fue l .  

Ion iza t ion  and Data Acquis i t ion  

The f i e l d  i o n i z a t i o n  source in t h e  mass spec t rometer  i o n i z e s  sample m o l e c  
d e s  ln to  molecular i ons .  The molecular ions a r e  separa ted  according t o  t h e i r  
mass by the  spec t rometer ,  which i s  operated a t  a mass r e so lu t ion  of 3000 or 
grea te r ,  s u f f i c i e n t  t o  completely sepa ra t e  t h e  molecular ions of the  d i f f e r e n t  
hydrocarbon types  p re sen t  In the o r i g i n a l  f u e l .  The mass spectrometer is scanned 
at  a speed of 120 seconds per  decade. A scan t i m e  of 110 seconds p lus  a magnet 
s e t t l i n g  time of ten  seconds allows one scan t o  be  completed every two minutes. 
Typica l ly ,  10  t o  15 scans  a r e  co l l ec t ed  although the  amount of sample used i s  
s u f f i c i e n t  t o  allow two t o  th ree  times a s  many scans  i f  so des i red .  

The Kratos DS-55C d a t a  system requ i r e s  the  presence of a l a r g e  number of 
re ference  peaks i n  t h e  h igh- reso lu t ion  mass spectrum. These re ference  peaks a r e  
normally produced by in t roducing  perfluorokerosene (PFK) i n t o  the  e l ec t ron  impact 
ion  source toge the r  w i th  t h e  sample. Because of t h e i r  nega t ive  mass d e f e c t ,  the 
numerous fragmentation peaks of PFK a r e  e a s i l y  reso lved  from most of t he  sample 
peaks and provide good mass ca l ib ra t ion .  
t l e  Cragmentation, and most of t h e  commonly used r e fe rence  compounds tnc luding  
PIX a r e  unsu i t ab le  f o r  use  as i n t e r n a l  mass re fe rences  f o r  our purpose. 
solved t h i s  problem by using added compounds and the  common f u e l  components a s  
re ferences .  
t he  f u e l  sample. I sooc tane  is one of t h e  few compounds which even under f i e l d  
ion iza t ion  undergoes complete fragmentation t o  g ive  t-butyl ions. This is advan- 
tageous since the  molecular ion of i sooc tane  would be in the  mass range of in te r -  
est. A t  t h e  same t i m e ,  i sooc tane  is s u f f i c i e n t l y  high bo i l ing  t o  allow easy 
handling. 
ions of benzene and to luene  serve  a s  t h e  a u t o s t a r t  masses f o r  t he  t imeto-mass 
conversion software.  
peaks a r e  used a s  r e fe rence  masses f o r  t h e  rest of  t h e  mass range. 

However. f i e l d  ion iza t ion  produces l i t -  

We have 

A mixture  of benzene. to luene ,  and i sooc tane  is added toge ther  with 

The fragment t -bu ty l  ion produced from isooctane  and t h e  molecular 

A combination of s a tu ra t ed  hydrocarbon and alkybenzene 
Severa l  sets 
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E 
Of reference  peak masses have been tabula ted  and d i f f e r e n t  ones a r e  used f o r  
d i f f e r e n t  types of fue ls .  

Time cent ro id  da t a  a r e  usua l ly  co l l ec t ed  because they can be convenient ly  
reprocessed in the  event of an incomplete o r  unsa t i s f ac to ry  time-to-mass conver- 
sion. 
pos i t i on  O F  d i s t i l l a t e  f u e l s  from d i f f e r e n t  sources.  Reprocessing of t h e  t i m e -  
c en t ro id  d a t a  wi th  a d i f f e r e n t  s e t  of re ference  peaks is necessary in such cases .  

This can sometimes be a problem because of t he  h ighly  va r i ab le  f u e l  c o r  

Data Processing 

Each of  t h e  scans  of ion peak i n t e n s i t y  is s t o r e d  I n  a computerized high- 
reso lu t ion  mass spectrometer da t a  system, which averages these  ind iv idua l  scans  
and ca l cu la t e s  t he  accu ra t e  masses and the  elemental  composftion (chemical. F ~ K I ~ I I -  
l a s )  of each of t he  peaks in t h e  f i e l d  ion iza t ion  mass spectrum of the  f u e l  sam- 
p le .  This information enables  the  peak i n t e n s i t i e s  t o  be so r t ed  by compound type 
(z -ser ies )  and the number of carbons present  i n  t h e  molecule. The f i n a l  r e s u l t  
of t he  ana lys i s  is  a t a b l e  showing t h e  r e l a t i v e  amounts of t he  var ious  compounds 
present  in t h e  f u e l  mixture organized by z-ser ies  and carbon number. The r e l a -  
t i v e  f i e l d  ion iza t ion  s i g n a l s  of each component of t h e  f u e l  can be converted into 
mole-fraction of t h a t  component present  in the o r i g i n a l  f u e l  sample by us ing  mea- 
sured r e l a t i v e  f i e l d  ion iza t ion  e f f i c i ency  da ta  f o r  known compounds. 

BESDLTS ANLI DISUISSION 

ne terinina t ion of Response Fac tors  - 
Rela t ive  ion iza t ion  e f f i c i e n c i e s  were determined by using a number of t e s t  

mixes containing up t o  30 components. The var ious  t e s t  mixes were designed t o  
study poss ib le  mat r ix  e f f e c t s  and t o  determine t h e  e f f i c i e n c i e s  of i somer ic  com- 
pounds. Ion- 
i z a t i o n  e f f i c i e n c i e s  of t he  var ious  compounds were measured r e l a t i v e  t o  l-phenyl- 
heptane. Response f a c t o r s  were determined f o r  s e v e r a l  homologs wi th in  a compound 
c l a s s .  We observed t h a t  i on iza t ion  e f f i c i e n c i e s  f o r  t h e  var ious  c l a s e s  of c o r  
pounds va r i e s  only s l i g h t l y  over t he  molecular weight range encountered wi th  d i s -  
t i l l a t e  fue l s ;  100 t o  300 am. Branching lowers the  observed i n t e n s i t y  of the  
molecular ion because of some fragmentation, but t h i s  e f f e c t  i s  se r ious  only in 
t h e  case  of molecules conta in ing  qua ternary  carbons. Polycycl ic  a romat ics  have 
the  h ighes t  i on iza t ion  e f f i c i ency  and s t r a i g h t  chain a l i p h a t i c s  t he  l e a s t .  

Thses s tud ie s  a l s o  helped in developing the  a n a l y t i c a l  technique. 

For t he  purposes of ana lyz ing  f u e l  s a m p l e s  we used an average o f  t h e  res- 
ponse f a c t o r s  of t he  var ious  homologs belonging t o  t h a t  c l a s s .  
expected compounds more unsa tura ted  than b iphenyls  in d i e s e l  and j e t  f u e l s  and 
the re fo re  had not  determined the  response f a c t o r s  of phenanthrenes and dihydro- 
phenanthrenes. 
f a c t o r s  f o r  them as naphthalenes.  The response f a c t o r s  used f o r  t h e  va r tous  
c l a s s e s  a r e  given in Table 1. 

We had no t  

However, we d i d  encounter them and have used t h e  same reponse 

Analysis of Some D i s J i l l a t e  Fuel Samples 

We had e a r l i e r  repor ted  on t h e  a n a l y s i s  of a s t a b l e  and uns t ab le  f u e l  sample 
and shown t h a t  t he  uns tab le  f u e l  had a s u b s t a n t i a l l y  g r e a t e r  amount of naphtha- 
l enes  ( 5 ) .  This r e s u l t  is in concer t  wi th  the  f ind ings  of Mayo and Lan (8). 

Several o the r  d i e s e l  f u e l  marine and experimental  j e t  f u e l  samples have been 
analyzed by HR-FIMS. 
are &own in Table 2. The t a b l e  gives t he  mole percent  of the  var ious  cons t i t u -  

Resul t s  of t h e  ana lys i s  of a very s t a b l e  f u e l  (NRL-83-14) 
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e n t s  by t h e i r  carbon number and z-ser ies .  
14.42 monocyclic s a t u r a t e s .  This fue l  
is a l s o  very r i c h  i n  a l k y l  benzenes and t e t r a l i n s .  It is i n t e r e s t i n g  t o  no te  
t h a t  t he  d i s t r i b u t i o n  of t h e  compounds wtthin any a - se r t e s  is f a i r l y  uniform f o r  
a l l  compound c l a s s e s  except  naphthalenes.  The compound a t  m/z 212.0712, ldent i -  
f i e d  as C17H8 (z = -26, M.W. 212.0626) is most l i k e l y  e t h y l  (or  dimethyl-) 
dibenzthiophene (M.W. 212.0660). 
tests, NRL-82-15, is given in Table 3. The f u e l  i s  less s t a b l e  r e l a t i v e  t o  
NRL-83-14 and has  somewhat of a h ighe r  naphthalene conten t .  

The f u e l  con ta ins  27.8% acyc l i c  and 
No b i c y c l i c  or t r i c y c l i c s  were de tec ted .  

Composition of a model f u e l  used f o r  engine 

COriUUSIO~S 

This  work demonst ra tes  t h e  a p p l i c a b i l i t y  of h igh- reso lu t ion  FIMS as a p a r e r  
f u l  technique f o r  r ap id  chemical cha rac t e r i za t ion  of middle d i s t i l l a t e  f u e l s .  
We have f ixed  most of  t h e  problems wi th  t h e  spectrometer,  and the  instrument is 
now opera t ing  on a r o u t i n e  bas i s .  
appears t o  be the  hea ted  ba tch  i n l e t  system. Pre l iminary  r e s u l t s  have shown tha t  
t h i s  technique provides  acuura te  and reproducib le  da ta .  
a r e  too scan t  t o  make de f f .n i t i ve  f u e l  composition-property co r re l a t ions ;  such 
s t u d i e s  a r e  c u r r e n t l y  underway. 

The only weak point in t he  e n t i r e  system 

Data analyzed thus  f a r  
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Table 1 

RELATIVE FIELD IONIZATION EFFICIENCIES OF VARIOUS HYDROCARBONS 

Compound Class z Relat ive  Response* 

Alkanes 
Monocyclic alkanes 
B icyc l i c  alkanes 
Tr i cyc  l ica lkanes  
Benzenes 
Te t r a l  ins  
Octahydrophenanthrenes 
Naphthalenes 
Biphenyls or  Tetrahydro- 

Dihydrophenanthrenes 
Phenanthrenes o r  

Anthracenes 

phenanthrenes . 

*Relative t o  1-phenylheptane. 
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-2 
-4 
-6 
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-10 
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-16 

-18 

0.34 
0.54 
0.63 
0.56 
0.91 
0.86 
1.03 
1.03 

1.44 
1 .44  

1.44 
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